This paper proposes a binary particle swarm optimization (PSO) for optimal placement and sizing of fixed capaci-tor banks in radial distribution lines with nonsinusoidal substation voltages. The objective function includes the cost of power losses and capacitor banks with constraints which include limits on voltage, total harmonic distortion (THD) and sizes of installed capacitors. A binary PSO applied to a test system and solutions of the binary PSO are compared with those of heuristic numerical algorithm that is based on the method of local variations. Computer simulation shows that the harmonic components affect the optimal capacitor placement and sizing.
Introduction
Power distribution from electric power plants to ultimate consumers is accomplished via the transmission sub transmission, and distribution lines. Studies have indicated that as much as 13% of total power generated is consumed as I 2 R losses at the distribution level [1] . The I 2 R losses can be separated to active and reactive component of branch current, where the losses produced by reactive current can be reduced by the installation of shunt capacitors. Capacitors are widely used in distribution systems to reduce energy and peak demand losses, release the kVA capacities of distribution apparatus and to maintain a voltage profile within permissible limits. The objective of optimal capacitor placement problem is to determine the size, type, and location of capacitor banks to be installed on radial distribution feeders to achieve positive economic response. The economic benefits obtained from the loss reduction weighted against capacitors costs while keeping the operational and power quality constraints within required limits. Most of the capacitor placement techniques assume sinusoidal conditions and ignore the effect of harmonics [2]- [18] . Limited publications have taken into consideration the presence of harmonics when solving the capacitor placement problems [19] - [27] . Capacitor significantly influences the propagation of system harmonics, and could cause parallel resonance. Therefore, the optimal selection and placement of capacitor banks must be integrated with the estimation of harmonic levels. A new evolutionary computation technique, called particle swarm optimization (PSO), has been proposed and presented recently [28] - [39] . This technique has been developed through the simulation of simplified social models [28] , and has been found to be robust in solving continuous nonlinear optimization. Moreover Kennedy and Eberhart [39] have adapted the PSO to search in binary spaces. Therefore the method can be expanded to solve nonlinear optimization problems with both equality and inequality constraints [32] - [35] . Recently, PSO have been successfully applied to various fields of power system optimization such as reactive power and voltage control [36] , power system stabilizer design [37] and reactive power dispatch [38] . In this paper a binary PSO algorithm applied to a test system shown in [19] with the same formulation, assumption and constraints for optimizing shunt capacitor sizes at a candidate buses (4, 5 and 9) on radial distribution lines with nonsinusoidal substation voltages to compare it with that obtained in [19] . Then the same binary PSO algorithm applied to the same test system to find optimal placement and sizing of shunt capacitor (apply the binary PSO algorithm to all the buses).
System Model at Fundamental
and Harmonic Frequencies For modeling of a distribution system Fig.1 at fundamental and harmonic frequencies the formulation and notations and assumption of [19] are used. A review of harmonic load flow found in [40] and computer modeling and analysis of power systems harmonics found in [41] . The modeling steps are as follows:
• Calculate the magnitudes and the phase angles of the bus voltages at fundamental frequency by using Newton-Raphson power flow method and calculate the power losses at the power frequency Eqn.
(1).
• Calculate the h-th harmonic frequency load admittances, shunt capacitor admittances and feeder admittances Eqns. (2)- (4) respectively.
• Calculate the harmonic voltages [19] , the rms voltage and the total harmonic distortion from Eqns. (5)- (7) respectively. 
Where: 
Particle Swarm Optimization
Particle Swarm Optimization is an algorithm developed by Kennedy and Eberhart [28] that simulates the social behaviors of bird flocking or fish schooling and the methods by which they find roosting places, foods sources or other suitable habitat. In the basic PSO technique, suppose that the search space is d-dimensional, • Each member is called particle, and each particle (i-th particle) is represented by d-dimensional vector and described as
• The set of n particle in the swarm are called population and described as pop = [ X 1 ,X 2 ,….,X n ].
• The best previous position for each particle (the position giving the best fitness value) is called particle best and 
. At iteration k the velocity for d-dimension of iparticle is updated by:
Where i= 1,2,..,n and n is the size of population, w is the inertia weight, c 1 and c 2 are the acceleration constants, and r 1 and r 2 are two random values in range [0,1]. The optimal selection of the previous parameters found in [29] - [30] .
• The i-particle position is updated by
For binary discrete search space, Kennedy and Eberhart [39] have adapted the PSO to search in binary spaces, by applying a sigmoid transformation to the velocity component Eqn. (15) (14) is then replaced by Eqn. (16) .
The PSO technique can be expressed as follow:
Step 1) (Initialization): Set the iteration number k=0.
Generate randomly n particles, {X i , and set the particle best which give the best objective function among all the particle bests to global best GB 0 . Else, repeat the initialization.
Step 2) Update iteration counter k=k+1
Step 3) Update velocity using Eqn. (13).
Step 4) Update position using the sigmoid function Eqn. (15) and Eqn. (16). Step 5) Update particle best: If
Step 7) Stopping criterion: If the number of iteration exceeds the maximum number iteration, then stop, otherwise go to step 2.
Formulation of Capacitor Placement Using Binary PSO
The system shown in Fig.1 is m- • The capacitor size at bus j at iteration k in particle i represented by :
indicates if the capacitor size sz r is placed at bus j at iteration k in particle i or not. In other words, x k ijr is a binary value such that x k ijr = 1 if the capacitor size sz r is placed at bus j at iteration k in particle i, x k ijr = 0 if it is not placed.
• The particle best, global best and the particle velocity are represented also in (J, R) dimensions. 
Numerical Example
The proposed binary PSO were applied to the test system described in [19] and the results were compared to that's obtained in [19] using a simple heuristic numerical algorithm that is based on the method of local variations. The load and the feeder data are listed in Table 2 and Table 3 respectively. It is desired to find: (1) The optimal values of capacitor sizes to be placed at buses 4, 5, and 9. (2) The optimal placement and sizing of capacitors (apply binary PSO to all the 9 buses). Kp was selected to be 168 $/kW, and the voltage limits on the rms voltages were selected as Vmin= 0.9 pu, and Vmax=1.1 pu. It was assumed that the substation voltage contains 4% and 3% of 5-th and 7-th harmonic, respec-tively, resulting in a total harmonic distortion of 5%. Commercially-available capacitor sizes with real costs/kvar were used in the analysis. It was decided that the largest capacitor size Q c max should not exceed the total reactive load, i.e., 4186 kvar. The yearly costs of capacitor sizes [19] are shown in Table 1 . Optimum shunt capacitor sizes have been evaluated for the following cases: (a) the harmonic frequencies are ignored, (b) the harmonic frequencies are taken into account, but no limit is imposed on the total harmonic distortion, (c) the higher frequency components are taken into account, but limits are imposed on the total harmonic distortion. Two limits were selected: (i) THDmax= 8%, and (ii)THDmax=5%. The parameters used through the simulation are as follows: n=20 particles, w=0.8, c 1 =c 2 =2, R=7 sizes, sz 1 =150, sz 2 =300,……, sz 7 =1050. J=3 for buses {4, 5, 9}, and J= 9 for all the buses. 
Test results and discussion
The simulation results showed in Table 4 clear that:
• Before shunt capacitor placement, the annual costs function equal to $131675 due to the total power losses of 783.3 kW. The minimum rms voltage was 0.383 Pu, and the maximum THD was 4.9%.
• Case (a) when the THD are ignored, applying the heuristic optimization (H.O.) at a candidate buses [4, 5 and 9] shows a yearly benefits of $12167 and max.THD of 11.2%, applying a binary PSO at the same candidate buses [4, 5 and 9] shows an increasing in yearly benefits to $12979 and max.THD of 12%, applying a binary PSO to optimal capacitor placement and sizing shows the best benefits $15907 and max.THD of 12.75%.
• Case (b) when the THD are taken into account but without limits, the benefits and the max.THD of H.O., a binary PSO at a candidate buses and a binary PSO at all buses are ($12939, 10.8%), ($14588,11.9%), and ($16506, 13.4%), respectively. Note that the benefits in case (b) are better than that in case (a) this is due to the effect of the harmonic frequencies which increase the rms voltages. Thus, less kvars are needed to bring the voltage levels up to the minimum permissible level.
• Case (c) when the THD are taken into account with limits of (i) max.THD = 8% (ii) max.THD = 5%, the benefits and the THD of H.O., a binary PSO at a candidate buses and a binary PSO at all buses in (i) and (ii) are (i) ($5511, 7.96%), ($6713, 7.95%) and ($6735, 7.99%), respectively (ii) ($-7410, 5%), ($-5856, 4.95%) and ($-5856, 4.95%), respectively. In case (chi) the benefits are negative to control the max.THD and the rms voltages to acceptable levels.
• In all cases optimization of the system by a binary PSO algorithm at a candidate buses indicates yearly benefit better than that indicates by heuristic algorithm at the same candidate buses, and the optimal placement and sizing (apply the algorithm to all the 9 buses) using binary PSO indicate the best benefits. An extension of this work will be in another paper under writing now. In this paper we applied the PSO to two test systems; the first is 9-bus with varying load levels, predetermined voltage regulator and the harmonics in the loads. The second is 34-bus radial distribution test system with a main feeder and four laterals (subfeeders). * simulation results befor shunt capacitor placement ** simulation results after heuristic optimization algorithm that is based on the method of local variations, at a candidate buses [4, 5and 9] *** simulation results after PSO, at a candidate buses [4, 5and 9] **** simulation results after PSO, PSO applied at all the buses to find optimal placement and sizing of fixed capacitor banks 7.
Conclusion
In this paper, we have proposed a binary PSO on radial distribution feeders with distorted voltage supply to determine (1) the optimal shunt capacitor sizing at a candidate buses (2) the optimal capacitor placement and sizing. The effectiveness of the binary PSO to solve the discrete optimization problems of capacitor placement and sizing has been demonstrated through the numerical example. It was found that the optimal placement and sizing at fundamental frequency of voltage without taken into account the effect of harmonics can result unacceptable THD levels. M. Delfanti, G. P. Granelli, P. Marannino, and M. Montagna, "Optimal capacitor placement using deterministic and genetic algorithms,"
